Laser based micro-channeling is emerging as the most widely used process for fabrication of polymer based micro-fluidic devices. Nd:YAG lasers are one of the most favoured laser system by industries involved in laser based material processing. However, they have not been fully explored for micro-level processing. In this research work, Nd:YAG laser has been utilized in fabrication of micro-channels on PMMA in underwater condition. The input parameters have been chosen as lamp current, scanning speed, pulse frequency and pulse width. Depth, burr height and burr width of the micro-channel have been taken as output quality characteristics. Taguchi methodology in combination with grey relational analysis has been employed to determine the optimal parametric condition for satisfying multiple objectives at same time. Underwater laser processing has resulted in minimization of undesirable effects of laser processing like heat affected zone and redeposition around the micro-channels resulting in cleaner and finer structure than open air processing.
Introduction
Laser based micro-fabrication processes are always subjected to heat based undesirable effects, especially when machining with infra-red lasers (1μm wavelength). On the other hand these lasers are robust in structure and easy to maintain in industries. Lasers with nano-second pulse duration results in thermal damages around the micro-structure while patterning the polymer based micro-fluidic devices. For fabricating the micro-fluidic devices of high qualities, it is very essential to reduce and minimize those undesirable effects. Underwater laser processing was first utilized by Ageev (1975) to study material ablation during emission spectroscopy. Underwater laser processing is a novel technique to produce clean, clog free micro-features on materials by utilizing local cooling effect as well as reducing the redeposition of ablated material on the surface. The material ablation phenomenon in underwater condition is entirely different from open air condition. During underwater ablation, the optical breakdown of molecules and limited expansion of plasmas take place (Wang et al., 2006) . Due to limited expansion of laser formed plasma, the recoil pressure, generated due to plasma shock waves, increases manifold (Chen et al., 2004; Li et al., 2005) . This form of ablation increases the part of cold ablation in contrast to only thermal ablation in open air condition. This also results in increase of material ablation rate in underwater condition. The redepository materials are generally lighter than water and do not get redeposit on the work-piece surface instead flows in the water. However, it is not always the case, especially in continuous wave lasers having pulse width durations more than 100μs (Morita et al., 1988) . Choo et al., (2004) performed the micro-machining on silicon in both open air and underwater condition using excimer lasers. A significant amount of thermal damage has been observed in open air processing, while the underwater processing has resulted in absence of thermal damage. Underwater laser processing has also been proved to be very beneficial in through cutting. Muhammad et al., (2010) performed the cutting operation in fibre laser cutting of 316L stainless steel tubes of 200 μm thickness and 4mm diameter. The underwater cutting results in zero back wall damage. Dross and heat affected zone has also been minimized. Micro-channel based micro-fluidic devices have diversified application in different areas. While metallic and semiconductor based micro-channels are mainly used for cooling purpose in electronic devices, the polymer based micro-fluidic devices are generally used for bio-analytical devices like electrophoresis, DNA analysis and blood protein analysis. Polymers have slowly replaced the glass based micro-fluidic devices. Fabricating micro-channels on glass is time consuming, as well as, clean room facilities are needed. PMMA (Poly-methyl-meth-acrylate) has been proved to be most economical replacement of glass based devices (Chantal and Khan, 2006) . However, most of the polymers are more susceptible to heat and therefore clean laser processing of such polymers is always a challenge. The laser processing of polymers has been studied by Chang and Molian (1999) under ethanol and methyl alcohol using excimer laser of 193 nm. They investigated the chemical assisted laser based ablation on different polymeric materials like PMMA, polyethylene and polypropylene. They concluded that material removal in polyethylene and polypropylene takes place layer by layer in order to maintain the homogeneity, however, the PMMA etches faster in presence of ethyl alcohol and methanol when compared to air. The underwater processing on silicon wafers has been conducted by wee et al., (2011) . The micro-drilling operation has been performed on silicon in open air as well as in flowing water condition. The underwater drilling resulted in lesser thermal damage and heat affected zone on both top side as well as bottom side while maintaining the straightness of the hole. On the other hand the underwater operation has also resulted in increased material removal rate. So, it can be concluded that most of the studies in underwater conditions have been made on lasers having short wavelength lasers (UV lasers). However, the longer wavelength lasers where material removal takes place more due to thermal ablation have not been studied comprehensively.
In this research work, fabricating micro-channels based on underwater laser processing has been investigated. Nd:YAG laser is used to produce micro-channels on PMMA. Underwater laser processing has been fundamentally utilized for reducing the undesirable effects of laser based micro-processing. The experiments have been designed based on L-16 orthogonal array using Taguchi methodology. Grey relational analysis in combination with Taguchi method is used to find the optimum process parameters to fulfil multiple objectives, simultaneously.
Experimental work
An L-16 orthogonal array has been used to design the experimental matrix. Thus total 16 experiments have been performed in order to study the laser micro-channeling on PMMA. A computer numerical controlled Nd:YAG laser (make: M/s Sahajanand Laser Technology, India) has been used in this research work. This is a pulsed laser system, having one cycle time of approximately 120 ns. The laser beam comes out of main lasing unit has 125 μm diameter and M 2 value of the beam is 1.15. Four key process parameters, which affect the process significantly, have been taken as input factors namely, lamp current, P, pulse frequency, F, pulse width, W, and cutting speed, S. Lamp current directly corresponds to total laser fluence or energy consumed by laser to emit desired pulses. Pulse frequency is the number of pulses emitted by laser per unit time. Pulse width denotes the percentage of "ON" time duration per cycle time. Cutting speed represents the speed of movement of laser head with respect to the workpiece or vice-versa. Four levels of each factors has been identified based on the pilot experiments. Table 1 shows the values of different input process parameters at different levels. The heat affected zone (HAZ) has been found to be surrounded by burrs and irregular protrusions of very small sizes. Hence heat affected zone has been categorised into two output parameters, burr width and burr height. The width of burrs has been considered to be equal to width For reducing the errors during measurement, each response has been measured at three different locations across the channel and their statistical average has been used. Distilled water at room temperature (24-25 0 C) has been used as water medium because of easy availability and its non-reactive nature to work-piece material even at higher temperatures. For each experiment fresh water has been used. To maintain the height of the water level fixed at 1 mm, volume method has been utilized. In this method the height has been measured using vernier height gauge connected to electronic circuit. As soon as the tip of the vernier gauge comes in contact with water, the electricity flows thus completing the circuit. By using this method on trial and error basis, the corresponding volume subjected to 1mm above the work-piece has been determined and used in all the experiments. The same level of water level has been reported by Muhammad and Li, 2012 . The experimental layout for the machining parameters using the L16 orthogonal array and the experimental results are presented in Table 2 . Fig. 1 shows the micro-channels fabricated on PMMA using Nd:YAG pulsed laser (a) in underwater condition, and (b) in open air condition.
Results and discussion
The parameter design of Taguchi method utilizes orthogonal arrays to minimize the time and cost of experiments in analyzing all the factors and to find the optimal parameter combination. In this process the response values are transformed into signal-to-noise (S/N) ratios. Here, the 'signal' represents the desirable value and the 'noise' represents the undesirable value and S/N ratio expresses the scatter around the desired value. S/N ratio for each level of process parameters is computed based on the S/N analysis which can be utilised to study the effect of machining parameters on micro-channel quality characteristics. Fig. 2 shows the main effect plot of S/N ratios of channel depth. From the figure it can be observed that the depth of the micro-channel shows a linear increase and decrease behaviour with lamp current. This is due to combined effect of transferring more power and increased rate of heat transfer in the underwater machining. As the lamp current increases the photon energy and corresponding beam energy also increases. However, the higher energy photons cause more amount of plasma to be generated and the plasma prevents the laser beams with moderate energy to strike the inner surface of the micro-channel. However, as the beam power is further increased beyond a threshold, the laser beams become able to penetrate through plasma, therefore resulting in increase in depth. Also when the pulse frequency increases, the number of pulses on particular area also increases but the energy content of each pulse decreases. However, larger number of pulses produces more charring and burning effect on the edges and helps in penetrating through limited plasma zone as well as increase in recoil pressure therefore increasing the depth of the micro-channel. Increasing the pulse width determines the percentage of ON time therefore pulse interaction time to be more. However, more energy transfer to the surface also creates a plasma zone inside the channel which further prevents the penetration of laser beam inside the material. However, as the beam width crosses certain threshold, the beam energy becomes sufficient to penetrate through the plasma and results in increase in depth. The effect of cutting speed can be explained as the speed decreases the depth increases since the beam strikes for longer duration. At the same time when speed is reduced continuously, the local cooling takes place more effectively and depth of the channel decreases. Fig. 3 shows the S/N ratio plot for Burr height. Burrs are found to be formed over the entire heat affect zone. While some burrs are formed due to redepository material, some gets generated as protruded surface due to uneven heat generation on the surface. The burr height decreases with increase in lamp current. The burrs are formed mainly due to heat distribution at the surface rather than at the base of formed depth. Burr height initially decreases with increase in pulse frequency but later increases as the frequency increases. This is due to the reason, that more number of pulses create more charring and burning effect on the edges which results in heat based damage on the surface rather than inside the depth. As the pulse width increases, the time duration of energy transfer also increases which further increases the heat affected zone and results in uneven heat distribution on the surface. Therefore it results in increase of burr height. As the speed increases, the amount of energy transfer decreases and therefore the burr formation also decreases. However, at higher speeds the energy transfer is more visible at surface and therefore, burr formation takes place and results in increase in burr height. The burr width directly indicates the extent of heat affected zone. Fig. 4 shows the S/N ratio plot for Burr width. Burr width initially increases with lamp current and then decreases. However at higher current levels the width starts increasing. Higher lamp current also increases the rate of energy transfer and does not contribute to surface effects. However, if the whole surface temperature crosses certain temperature threshold, usually equal to glass transition temperature, the heat affected zone starts to begin. As the pulse frequency increases the average pulse energy starts to decrease and therefore more surface effects begin to appear however beyond a certain frequency threshold, the energy of the pulses become so much low to induce heat affected zone. Increasing the pulse width directly results in more energy transfer to the surface and therefore results in increase of burr width. Increase the speed directly causes the lesser material deposition per unit area and therefore results in lower burr width.
Multi-objective optimization using grey relational analysis:
It is always necessary to find favourable process conditions capable of producing desired micro-channel quality, defined in terms of desired quality characteristics. However, this optimization should be performed in such a way that all the objectives are fulfilled simultaneously. Optimization of multiple quality characteristics is much more complicated than that of a single quality characteristic. Improving one particular quality characteristic would possibly lead to serious degradation of the other critical quality characteristics. Grey based Taguchi method is proven to be useful for tackling such optimization problems (Kuar et al., 2012) . In this method, the original data is normalized in order to make it of one dimension or dimensionless. A grey relational coefficient represents the relationship between original data and normalized data. A grey relational grade is obtained by weighted averaging the grey relational coefficients of each output parameter. This grey relational grade is used in performing the multiobjective optimization. The input parameter values associated with highest grey relational grade represents the most optimized value for desired results (Acherjee et al., 2011) .
In grey relational analysis, each output parameter is normalized in the range of 0 to 1 to obtain a comparable sequence by making magnitude of the original data of order one and dimensionless. Burr width and burr height have lower-the-better quality characteristics. For lower-the-better quality characteristic, the normalized results, x ij , can be expressed as: Micro-channel depth has higher-the-better (HB) quality characteristics. The normalized results, x ij , for higher-thebetter quality characteristic can be expressed as: (2) where y ij is the ith quality characteristic in the jth experiment. Larger normalized results correspond to the better quality and the best-normalized result should be equal to 1. The output data for channel depth, burr height and burr width, obtained after normalization has been shown in Table 3 .
Grey relational coefficients are calculated to express the relationship between the ideal and the actual experimental results. The grey relational coefficient, ξ ij , can be expressed as:
where x i 0 is the ideal normalized result (i.e., best normalized result = 1) for the ith quality characteristics and ζ [0,1] is a distinguishing coefficient. Here the value of ζ is set to be 0.5, the quantity used in most situations. The grey relational coefficient obtained for the each experimental run of L-16 orthogonal array is shown in Table 4 .
After obtaining the grey relational coefficients, a weighting method is used to integrate the grey relational coefficients of each experiment into the grey relational grade. The overall evaluation of the multiple quality characteristics is based on the grey relational grade, which is given by: where γ j is the grey relational grade for the jth experiment, w i is the weighting factor for the ith quality characteristic and m is the number of quality characteristics. In calculating the grey relational grades the weighting ratio for microchannel depth, burr width and burr height are set as 2:1:1, respectively. The experiment corresponding to highest value of grey relational grade is considered to be the closest to the optimal value of the desired multiple responses. Table 7 shows grey relational grade for each experiment. Thus experiment no. 7 corresponds to highest grey relational grade among 16 experiments, and is supposed to be the closest to the desired characteristics. The application of this optimization technique converts the multiple quality characteristics to a single performance characteristic i.e., grey relational grade and, therefore, simplifies the optimization procedure. Optimal microchannelling parameters are then determined by the Taguchi method using grey relational grade as the single quality index (output). Fig. 5 shows the S/N ratio plot of grey relational grades. The best values of micro-channelling process parameters, for maximizing the grey relational grade, are identified from the S/N ratio plot of grey relational grades. Based on this graph, the optimal parameter setting is to maintain lamp current at level 2 (P = 15 A), pulse frequency at level 4 (F = 5 kHz), pulse width at level 4 (W = 15 %) and cutting speed at level 2 (S = 0.3 mm/s) for maximizing the channel depth and minimizing the burr height and burr depth, simultaneously. The predicted value of gray relational grade at optimal parameter setting is found to be greater than that obtained in experiment no. 7. The results of ANOVA test for grey relational grades are given in Table 6 . While considering the overall feature of the micro-channel, it is found that pulse repetition frequency is the most predominant factor followed by lamp current, cutting speed and pulse width. 
Confirmation experiments:
In order to verify the predicted values at optimum condition, confirmation experiments have been performed. The optimum grey relational grade, γ opt , is calculated as: (5) where, γ m is the total mean of the grey relational grade, i is the mean grey relational grade of ith parameter at the optimal level, and q is the number of machining parameters that significantly influence the quality characteristics. Confirmation test has been conducted with optimal setting and has been presented in Table 7 . The grey relational grade has been improved by 0.1577, when compared with an initial parameter setting. As shown in Table 7 , at optimal parameter setting, the channel depth is increased from 107.95μm to 114.57μm, burr height is minimized from 29.52 μm to 8.23μm and burr width is minimized from 72.96 to 54.33. 
Conclusion
Underwater laser micro-channeling has been proved to be very effective in creating clean, burr-free structures and can be readily used in micro-fluidic based devices. The presence of water not only reduces the heat affected zone but also helps in preventing redepository material on the work-piece surface. The structure has been found to be clear and free from debris. The edges of the micro-channels were found to be straight and parallel, therefore making the process of underwater micro-channeling more preferable than in open air.
Grey relational analysis has been found to be an effective yet simple method for optimizing multi-characteristic process. Experiments have been designed according to L-16 orthogonal array. The significance of the process parameters on overall micro-channel quality is evaluated quantitatively by analysis of variance technique. The results of ANOVA reveal that the overall feature of the micro-channel is affected predominantly by pulse repetition rate. The confirmation test verifies that the quality characteristics of laser micro-channeling process, such as microchannel depth, burr width and burr height, can be improved simultaneously by the method proposed in this study.
